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We measure the low-temperature longitudinal and Hall conductivities in a series of Ge:Sb sam-
ples at the approach to the metal-insulator transition. Both conductivities critically vanish with the
same exponent of 1, in contradiction to the ratio of 2 predicted by the scaling theory of localization.
PACS numbers: 72.15.Gd, 71.30.+h, 71.55.Jv
The theoretical basis for the continuous nature of
the zero-temperature metal-insulator (MI) transition
in disordered systems was provided by Abrahams
et al. , ' in 1979. They used scaling arguments to show
that, near the critical density n„ the conductivity
depends on the density n as o. = o-p[(n —n, )/n, ]",
with perturbative methods giving v = 1. The first low-
temperature experimental test of the theory found
v = —,' not 1, in uncompensated Si:P, possibly because
of the importance of electron interactions which are
not considered in the localization scaling theory. Sub-
sequent experiments on amorphous Si:Nb, compen-
sated Ge:Sb, and the magnetic semiconductor5 Gd3S4
gave v= l. In these systems, Anderson localization
might dominate Coulomb effects, and hence the Abra-
hams et al. approach would be appropriate. Alterna-
tively, a theory considering electron interactions
alone in the weak disorder limit might account for the
exponent of 1.
In an extension of the work of Abrahams et al. ,
Shapiro and Abrahams developed a localization scal-
ing theory for the Hall effect at the MI transition.
They found that the exponent uH of the Hall conduc-
tivity o-H should be twice that of the ordinary conduc-
tivity, trH = o-&[(n —n, )/n, ] ". Thus, comparing the
critical behavior of the ordinary and Hall conductivities
should help discern which, if any, theories of the MI
transition apply to particular physical systems. In this
Letter, we present magnetotransport measurements of
Ge:Sb at millikelvin temperatures which establish that
a- and a-H critically vanish at the MI transition with the
same exponent, v = vH = 1. This result casts doubt on
whether systems with v = 1 are in fact correctly
described by the physics of the scaling theory of locali-
zation. Unfortunately, no predictions for vH exist at
present in the models for an interaction-driven MI
transition.
We sliced a series of Ge:Sb samples of typical
dimensions 9 x 1 x 0.4 mm from Czochralski-grown
single-crystal boules and etched them in CP-4 to re-
move any damaged surface layer. They were cooled in
a top-loading dilution refrigerator where temperatures
T below 50 mK were calibrated by the anisotropy of
cobalt-60 decays. A conventional five-probe technique
allowed the determination of both the longitudinal and
transverse (Hall) voltages. We elucidated the absolute
Sb concentration via Hall effect at T = 300 K, and we
established the relative density scale more accurately
through the ratio of sample resistances at liquid-
helium and room temperatures. This resistance-ratio
technique eliminates uncertainties arising from sample
geometry. The Ge:Sb samples were not intentionally
compensated. ' A method to determine the compen-
sation L is demonstrated by Thomas et al. , 4 who
found that the steepness of the MI transition (i.e., the
prefactor o-p) in compensated Ge:Sb decreased as K
increased. Comparison of our prefactor o-p with those
of Thomas et al. gives K —20%. We note, however,
that it is notoriously difficult to accurately determine
L for highly doped semiconductors.
We plot in Fig. 1 the T = 8 mK longitudinal conduc-
tivity o- as a function of donor density n at a magnetic
field 8=2.7 kOe. The different symbols correspond
to samples cut from different boules. Extrapolations
of 8 mK & T & 80 mK data to T = 0 give corrections
of less than 1%. The conductivity follows the charac-
teristic scaling behavior with exponent v=0.9+ 0.1.
The solid line is a nonlinear least-squares fit with
o p = 3.8o M n = 1.68 x 10 cm, and v = 0.90, where
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FIG. 1. The low-temperature longitudinal conductivity o-
vs donor density n at the approach to the MI transition in
Ge:Sb. The solid line is a best fit to the critical form indicat-
ed. Different symbols denote samples cut from different
boules.
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FIG. 2. The Hall conductivity a-~ also scales critically at
the MI transition, with a best-fit exponent close to that of o-
in Fig. 1. Scaling theory of localization predicts a ratio of 2
between exponents.
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FIG. 3. Critical behavior of the inverse of the Hall coeffi-
cient R ~. Theory predicts no dependence on n. We deter-
mine R~ from the slope of the Hall resistivity p~ vs magnet-
ic field H in the linear regime, as plotted in the inset for
n =3.95&10' cm sample.
the Mott conductivity o-M is taken to be 7 (0-cm)
We compare these results to measurements of the Hall
conductivity o-z at the same T and H in Fig. 2. We
find scaling behavior with exponent vz = 1.1 + 0.2.
Here, the solid line is a two-parameter nonlinear
least-squares fit with o-t —0.09o-M, v„= 1.10, and n,
constrained to be 1.68 x 10'7 cm 3, as determined
from the fit to the longitudinal conductivity.
Measurements of o-(n) and o-tt(n) at a slightly
higher magnetic field yield consistent results. At
H = 5.4 kOe the best fit values are v = 0.98 and
vent=1. 24. The ratio vent/v remains the same for both
fields, 1.2 + 0.2, in contrast to the scaling theory of lo-
calization prediction that vtt/v=2. We believe that
these measurements are in the appropriate H 0 lim-
it. They are taken in the low-field regime where both
the Hall resistivity p„~ R (see the inset to Fig. 3) and
the longitudinal magnetoresistivity p~H . In addi-
tion, v has not changed from its H = 0 value of
0.9 + 0.1.
The scaling theory of localization predicts a drop in
the conductivity at the approach to the MI transition
over and above the more gradual decrease expected
from the decreasing number of carriers. In particular,
Shapiro and Abrahams predict that the Hall coefficient
Ru should remain constant as n n, . We plot 1/Rtt
vs n at T = 8 mK in Fig. 3. The values of R z
=dptt/dH were determined from linear fits to the
low-field behavior of pz, shown for a representative
sample in the inset to Fig. 3. The Hall coefficient data
clearly go to zero as n n„-with an exponent v«
= 0.7 + 0.15. The value of v~~ follows directly from v
and vent via the matrix relation ptt = o-n/(o- + a-u).
Preliminary results" on the magnetic semiconductor
n-type EuTe also indicate that R z changes with n near
nc
Our results on Ge:Sb disagree with the predictions
of the scaling theory of localization as extended to in-
clude the critical behavior of the Hall conductivity. It
may be that the measurements reported here are not
close enough to n„although previous experiments
on Si:P and Ge:Sb, as well as a calculation by Bhatt and
Ramakrishnan, ' suggest that we are within the critical
region. It is also possible that a small but finite mag-
netic field has changed the universality of the transi-
tion. It seems more likely that a one-electron
viewpoint is just not adequate, even for disordered
systems where v = 1. We note that the high-field mag-
netoresistance of these Ge:Sb samples is positive and
proportional to H', indicating a contribution from
electron interaction effects. ' It would not be surpris-
ing to find that the interactions also drive the critical
behavior, but we await explicit calculations of vz be-
fore we can make a more definitive statement.
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